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Introduction
Colorectal cancer (CRC) is a leading cause of cancer death worldwide. CRC progresses through multiple distinct stages in its evolution. Morphologically, inappropriate proliferation and antiapoptosis cause formation of adenomas, which evolve into preinvasive carcinoma in situ. Then, preinvasive CRCs acquire the ability to invade through the submucosa and muscularis, metastasize, and survive outside the colon microenvironment niche (1) (2) (3) . Mechanistically, mutations activating WNT signaling in transformed colon cancer cells are an early event (4) (5) (6) . Subsequently, mutations in KRAS, TGFBR1, BRAF, TP53, DNA mismatch repair genes, FBXW7, NOTCH, PI3 kinase, and other signaling pathways accumulate to promote CRC tumor progression to invasive and metastatic disease (7) (8) (9) (10) (11) . As 5-year survival for early-stage CRC is approximately 90% compared with 15% for metastatic CRC, understanding in great detail the mechanisms that regulate the transition from indolent (adenomas and carcinoma in situ) to locally invasive early clinical stage (stage I/II) and metastatic later stage (stage III/IV) CRC is critical to improving patient outcomes (12) .
Chemotactic cytokines (chemokines) are a family of secreted ligands that play important roles in regulating lymphocyte intracellular and intercellular signaling, antiapoptosis, and trafficking among different organs, such as bone marrow and intestinal mucosa (13) . The G protein-coupled chemokine receptor 9 (CCR9) and its ligand chemokine 25 (CCL25) comprise a signaling axis that is particularly important for the small intestine and colon. Small intestine and colon epithelial cells produce CCL25 (14) (15) (16) (17) . This attracts circulating CCR9 + T cells to intravasate into the gut toward the CCL25 source. CCL25 binding promotes CCR9 G βγ interaction with PI3 kinase, which initiates a downstream cascade activating AKT kinase. AKT phosphorylates several targets, including GSK3B, promoting T cell proliferation, antiapoptosis, and mucosal immunity (14, 15, (18) (19) (20) . In addition to producing CCL25, small intestine and colon epithelial cells also express CCR9. Small intestinal epithelial cell CCR9 increases local immune response, while colonic epithelial cell CCR9 reduces inflammation, possibly by acting as a CCL25 "sink" (15) . Furthermore, melanoma and ovarian, breast, and prostate adenocarcinomas express CCR9 (21) (22) (23) (24) (25) . This is proposed to play a role in tumor cell antiapoptosis and proliferation. Overall, these findings show that CCL25/CCR9 plays a variety of important roles in different cell types, including several cancers.
Here, we reveal what we believe to be a novel role for CCR9 to inhibit CRC invasion and metastasis. Compared with normal colon mucosa, CCR9 is upregulated in adenomas and preinvasive CRCs. In contrast, CCR9 expression is subsequently downregulated in invasive and metastatic CRCs. Because the commonly used CRC cell lines we tested were CCR9 -, we searched for new cell culture models and found that both primary CRC cell cultures and colon-cancer-initiating cell (CCIC) lines made from early-stage tumors were CCR9 + . In vivo, systemically injected CCR9 + early-stage CCICs spontaneously formed orthotopic colon and small intestinal xenografts, which we believe has never been observed with any previous CRC cell line, while commonly used CRC cell lines and CCR9 -CCICs formed only extraintestinal tumors. Blocking the CCR9/CCL25 axis inhibits CCIC intestine/colon tumor formation while increasing extraintestinal tumor multiplicity. Finally, we show that NOTCH signaling, which stimulates CRC invasion and metastasis, promoted CCR9 proteasomal degradation, inhibited CCL25-dependent AKT signaling, and increased extraintestinal CRC tumors. Overall, these data provide insights into the mechanism by which CCR9/CCL25 promotes colon-localized, early-stage CRC growth, while inhibiting invasion and metastasis, and its suppression by NOTCH signaling in late-stage CRC and provide what we believe to be a novel in vivo model system to study CRC tumor progression in the native colon microenvironment.
Results
CCR9 is upregulated in preinvasive CRC and downregulated in invasive and metastatic CRC. To understand the expression pattern of CCR9 Numbers indicate the percentage of CCR9 + cells (left) and CCR9cells (right). (K) Western blot of CCR9 protein levels in common CRC lines (RKO, SW480, LoVo), 3 early-stage CCIC lines (stage I/II), and 2 late-stage CCIC lines (stage III/IV). β-Actin is used as loading control. Lymphoma cells were used as a positive control for CCR9. (L) FACS quantification of cell surface membrane CCR9 + cells in common CRC lines (HCT116 as representative), early-stage CCICs, and late-stage CCICs (early-stage CCIC1 and late-stage CCIC1, as representative). Numbers indicate the percentage of CCR9 + cells.
in CRC, we immunostained representative sections from patient tumors. Cases varied in clinical stage from adenoma to carcinoma in situ (Tis) to transmural involvement (T4). CCR9 staining intensity was scored for normal crypt epithelium and neoplastic tissue from each involved layer of the colon wall ( Figure 1 ). Consistent with previous studies, CCR9 was expressed in normal colonocytes essentially throughout the entire crypt. To quantify CCR9 staining intensity, we used a histopathology scoring system ranging from 0 to 3. Normal colon epithelium had a mean staining intensity of 1.60 ± 0.04 (n = 55). CCR9 staining in adenomatous foci was significantly increased (2.26 ± 0.06; n = 46) compared with that in normal tissue. In contrast, staining intensity progressively decreased in carcinoma in situ (2.03 ± 0.08; n = 19) and in carcinomas that invaded the submucosa (1.47 ± 0.06; n = 44) and muscle wall (1.13 ± 0.08; n = 42; all P < 0.001) ( Figure 1 , A-I). Additionally, we quantified CCR9 expression in primary CRC culture by FACS. Consistently, high percentages (~90%) of early-stage (I/II) primary CRC cells were CCR9 + , while much lower percentages of late-stage (III/IV) invasive or metastatic CRCs (~10%) were CCR9 + ( Figure  1J ). Overall, CCR9 levels were highest in noninvasive tumors (adenomas and in situ carcinomas) and were progressively downregulated in submucosal invasive, muscle invasive, and metastatic CRC tumors, consistent with a potential role for CCR9 to suppress invasion and metastasis.
To understand the role of CCR9 in CRC, we tested several commonly used CRC cell lines (HCT116, RKO, SW480, and LoVo) and found very low or undetectable CCR9 protein levels ( Figure 1 , K and L). In contrast, we found that several CCIC lines (Supplemental Table 2 ) derived from patients with early-stage, colon-localized (American Joint Committee on Cancer [AJCC] stage I/II) CRC (26, 27) generally had robust CCR9 protein expression. In contrast, CCIC lines (Supplemental Table 2 ) derived from patients with later stage (III/IV) CRC, whose tumors had spread beyond the colorectum, had much lower CCR9 expression. This suggested that CCIC lines derived from patients with early-stage, colon-localized CRC might be a useful system for mechanistic studies of CCR9. Additionally, while only correlative, these data are consistent with immunohistochemistry that indicated that CCR9 protein levels were more closely associated with earlier stage CRC tumors that had less invasive and metastatic potential compared with later stage tumors with poorer prognosis.
Stage I/II CCICs form orthotopic xenograft CRC tumors in the colon and small intestine. CCL25 produced by small intestine and colon epithelial cells attracts circulating CCR9 + T lymphocytes (28) . To understand the in vivo role of CCR9 in CRC, we injected CCIC lines systemically into the tail veins of immunodeficient mice (NOG mice). 73.3% of mice injected with early-stage CCICs became moribund and developed an average of 3.7 tumors in intestines and colons at a mean of 8.55 weeks after inoculation ( Table 1 ). Of mice that developed gastrointestinal (GI) tumors, 69% had tumors in both small intestine and colon, 19% had tumors only in colon, and 12% had tumors only in small intestine ( Figure 2H ). No upper GI or rectal tumors were seen. Many of these tumors caused intestinal obstructions and pneumatosis coli (gas in the intestine from bacterial stasis and dysmotility secondary to obstruction) ( Figure 2 , A and B), pathologies often seen in patients with obstructing primary CRC adenocarcinomas. Evaluation of other organs showed that 35.6% of mice developed an average of 126 extraintestinal tumor foci, mostly in lungs, and all were in mice that also carried intestine/colon tumors. In contrast, mice injected with CCICs derived from later stage tumors or commonly used CRC cell lines, SW480 or LoVo, only formed tumors outside the small intestine and colon ( Figure 2 , H and I). Similar to CCIC dermal xenografts and the vast majority of human primary and metastatic CRC tumors, CCIC colon/intestine and extra-GI tumors had adenocarcinoma morphology, containing distorted crypt-like structures (Figure 2 , D-F).
Mice injected with either early-or late-stage CCICs also became moribund at significantly earlier times after inoculation compared with mice injected with commonly used CRC cell lines (P < 0.001) (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI62110DS1). The colon/intestine tumors that we observed could have arisen directly from early-stage CCICs or indirectly by stimulating endogenous mouse intestinal tumorigenesis. We systemically injected and tracked early-stage CCICs carrying the PGK promoter driving constitutive expression of an EGFP reporter. First, we tested whether these tumors contained human DNA. PCR using 2 different human centromeric repeat sequences from genomic DNA isolated from intestine/colon tumors showed that they contain human DNA ( Figure 3A ). Next, we examined the lower GI tracts of mice carrying early-stage CCIC colon/intestine tumors for EGFP fluorescence. This revealed that GI tumors consist of EGFP + cells (Figure 3 , B-D), indicating that the colon/intestine tumors were formed by early-stage CCICs in mouse hosts. As anticipated, the intestine and colon sites in which tumors formed expressed CCL25, while sites of outside of GI tract (extra-GI) tumors, such as the lung, did not have detectable levels (Figure 3 , F and G). Interestingly, early-stage GI CCIC tumors were CCR9 + whereas extra-GI tumors were CCR9 -( Figure 3E ).
Stage I/II primary CRC cultures and CCICs show CCL25-dependent chemotaxis. To understand the role of the CCR9/CCL25 axis in primary CRC cells, we cultured tumor cells directly from patient tumors (Supplemental Table 1 ). Cells were sorted for expression of the CRC marker carcinoembryonic antigen (CEA) and plated Colon/intestine and extra-GI tumors from mice that were injected with cells through tail veins. SW480 and LoVo cell lines are the non-CCIC CRC lines. A P < 0.01 compared with early-stage CCICs, as determined by 1-way ANOVA.
in Boyden chambers. Consistently, more primary early-stage CRCcultured cells migrated toward the chamber compartment containing recombinant CCL25 than the compartment containing mock control (P < 0.001) ( Figure 4 , A and B), while this pattern was not observed in SW480 cells. Migrated primary early-stage CRC cells were double immunopositive for CEA and CCR9 ( Figure  4C ). Similarly, consistent with our in vivo xenograft studies, more early-stage CCICs migrated in vitro toward a chamber containing CCL25 compared with those that migrated toward a chamber containing a mock control, while this activity overall was much lower for experiments with late-stage CCICs (Figure 4 , D-F). Alto-gether, these data show that both CCR9 + early-stage CRC cells and CCICs functionally chemotax toward CCL25.
Inhibiting the CCR9/CCL25 axis reduces CCIC colon/intestine tumor formation. To test the role of CCR9 in CCIC orthotopic colon/intestine xenograft formation, we performed cell sorting for CCR9 and systemically injected CCR9 + or CCR9early-stage CCICs (Supplemental Figure  5A ). Mice injected with CCR9 + CCICs had a high incidence of colon/intestine tumors (both sites produce CCL25), whereas mice injected with CCR9 -CCICs had low incidence (P < 0.001) ( Table 2 ). The mean number of colon/intestine tumors in mice injected with CCR9 + CCICs was also significantly higher than that in mice injected with CCR9 -CCICs. At the same time, the incidence and mean number of tumors outside the colon/ intestine were significantly higher in mice injected with CCR9 -CCICs than in mice injected with CCR9 + CCICs ( Table 2) .
To confirm the role of CCR9/CCL25, we used anti-CCL25 antibodies to inhibit bioavailable intestinal CCL25. Pretreating mice with anti-CCL25 antibodies before and concurrent with early-stage CCIC injection reduced colon/ intestine tumor multiplicity (Supplemental Figure 5A ). Anti-CCL25 antibody treatment also caused a trend toward reduced colon/intestine tumor incidence and increased extra-GI incidence and multiplicity, although these differences were not statistically significant ( Table 2) . Additionally, we used CCR9 shRNA knockdown in CCICs. Mice injected with CCR9 shRNA knockdown CCICs had lower incidence and mean number of colon/intestine tumors and higher mean extraintestinal tumors compared with those in mice injected with CCICs expressing a control shRNA ( Table 2 and Supplemental Figure 2B ). The overall survival of mice injected with anti-CCL25 antibodies or CCR9 shRNA knockdown CCICs was also significantly longer compared with that of controls (Table 2 and Supplemental Figure 2C ). 
The CCR9/CCL25 axis regulates CCIC metastasis out of the GI tract.
To understand whether CCR9/CCL25 regulates CCIC metastasis out of the GI tract, we performed 3 sets of experiments involving antagonism of CCL25/CCR9 signaling after GI tumor initiation. First, we injected mice with CCR9 + CCICs, waited 3 weeks for colon/intestinal tumors to form, and then treated mice with anti-CCL25 antibodies. This significantly increased both the incidence and multiplicity of CCIC extra-GI tumors ( Table 3 , Supplemental Figure 3D , Supplemental Figure 4 , and Supplemental Figure 5B ). Second, we injected mice with CCR9 + CCICs with doxycyclineinducible expression of anti-CCR9 or control shRNA. Approximately 3 weeks after injection, we administered doxycycline to induce CCR9 knockdown. This also significantly increased extra-GI CCIC tumor incidence and multiplicity ( Figure 5B ). Third, we created HCT116 sublines (which are CCR9 -) that stably express CCR9 (HCT116 CCR9+ cells) and used IVIS imaging to monitor the sites of tumor formation after tail vein injection. While HCT116 cells formed extra-GI tumors, in contrast HCT116 CCR9+ cells formed GI tumors in addition to extra-GI tumors. Interestingly, stable expression of CCR9 also reduced the overall burden of extra-GI tumors, as quantified by IVIS photon counting (Supplemental Figure 6 and Supplemental Methods). Altogether, these studies are consistent with CCL25/CCR9 antagonism causing CCICs in the intestine and colon to migrate outside the GI microenvironment and form additional extra-GI tumors.
CD26 and SNAIL (also known as SNAL1) are associated with CRC migration and metastasis (29) (30) (31) . To understand whether they could play a role in CCIC migration extra-GI, we used shRNA to knockdown expression of CD26 or SNAIL by approximately 70% (Supplemental Figure 2A ). However, neither of these gene knockdowns affected colon/intestine or extra-GI CCIC tumor formation or survival of mice systemically injected with CCICs (Supplemental Figure 2 , B and C). JUN, EGR1, and ETS1 (P = 9.86 × 10 -12 ), directly downstream of the AKT and NOTCH signaling pathways ( Figure 5A ). To test whether CCL25/CCR9 regulates AKT signaling in CRC, we treated earlystage primary CRC or CCICs with CCL25 and assayed for phospho-Ser473 AKT, a biomarker of activated AKT signaling. CCL25 treatment increased the number of phospho-Ser473 + and Thr308 CCICs ( Figure 5 , B-D), consistent with activation of AKT signaling.
NOTCH signaling downregulates CCL25/CCR9 AKT signaling and chemotaxis. NOTCH signaling plays an important role in both normal intestine and CCICs. NOTCH signaling is activated by JAGGED 1 (JAG1) and delta-like ligand binding to NOTCH receptors. This activates multiple proteolytic cleavage events (32, 33) , after which the NOTCH receptor intracellular domain (NICD) is released and translocates to the nucleus. NICD interacts with the DNA-binding protein RBPJκ, which recruits coactivators and stimulates expression of NOTCH target genes, including HES family genes (32) . Recently, an important new role for NOTCH signaling in promoting CRC invasion and metastasis was demonstrated (11, 34) . Because CCR9/CCL25 is associated with earlystage, colon-localized CRCs, we compared NOTCH signaling levels in FACS-sorted CCR9 + and CCR9early-stage CCICs treated with CCL25. Levels of NICD and HES1, biomarkers of active NOTCH signaling, were substantially higher in CCR9 -CCICs compared with those in CCR9 + CCICs (Supplemental Figure 8A ). Confirming these data, we FACS-sorted CCICs expressing EGFP under the control of a NOTCH responsive promoter containing multiple RBPJ binding sites (GFP-NOTCH) ( Supplemental Figure 7A) . GFP-NOTCH high early-stage CCICs had lower levels of CCR9 and phospho-AKT (and higher levels of NICD and HES1) than GFP-NOTCH low cells (Supplemental Figure 8B ). Next, we treated stage I/II CCICs with a high concentration of JAG1. JAG1 treatment increased CCIC NICD, HES1, and the number of GFP- Figure 7C and Supplemental Figure  8B ). JAG1 also downregulated CCR9 protein levels (Supplemental Figure 8C ), consistent with a role for NOTCH as an upstream regulator of CCR9/CCL25 in CRC. To understand the mechanism of CCR9 downregulation by NOTCH signaling, we analyzed CCR9 mRNA and (cotreated with the proteasomal inhibitor PS-341) protein levels. CCR9 mRNA levels in 2 CCIC lines did not change in response to NOTCH activation, as measured by qPCR. In contrast, when cells were cotreated with the proteasomal inhibitor PS-341, CCR9 protein levels increased ( Figure 6, A and B) . Overall, these data are consistent with a mechanism whereby NOTCH lowers CCR9 protein levels by increasing its proteasomal degradation. Functionally, we found that JAG1 inhibited CCL25-induced AKT phosphorylation and that coincubation of CCICs with JAG1 inhibited CCIC chemotaxis toward CCL25 ( Figure 6 , C and D). Similarly, in a migration assay, addition of CCL25 to the upper chamber inhibited migration to 5% serum in the lower chamber, and coincubation with JAG1 antagonized migration stimulated by CCL25 (Supplemental Figure 8 , D and E). We did observe that addition of CCL25 downregulated NOTCH2 receptor levels. However, CCL25 did not downregulate NOTCH signaling, as assayed by NICD and HES1 protein levels (data not shown). Therefore, these data are consistent with NOTCH acting upstream of CCR9/CCL25 to inhibit AKT and migration, but this interaction is not reciprocal.
NOTCH + cells (Supplemental
NOTCH signaling promotes CCIC tumor formation outside of the colon and intestine. Our in vitro studies are consistent with the NOTCH pathway acting upstream of CCR9/CCL25 to inhibit its function. To understand the in vivo role of NOTCH on the CCR9/CCL25 axis in CCICs, we used CCICs expressing a GFP-NOTCH reporter. We FACS sorted these CCICs into GFP-NOTCH high and low cell populations (referred to herein as GFP-NOTCH high and GFP-NOTCH low, respectively), and injected cells systemically into the tail veins of immunodeficient mice. Consistent with the role of NOTCH to promote CRC invasion and metastasis (11), GFP-NOTCH high CCICs formed significantly more tumors outside the colon/intestine than GFP-NOTCH low CCICs ( Figure 6E and Supplemental Figure 7C ). Conversely, GFP-NOTCH high CCICs formed significantly fewer intestine/colon tumors than GFP-NOTCH low CCICs. Overall, these data are consistent with an in vivo role for NOTCH signaling to inhibit CCR9/CCL25 signaling in CCICs and promote invasion, metastasis, and tumor formation at sites extra-GI.
Discussion
Chemokines regulate antiapoptosis, migration, recruitment of tumor-associated cells, metastasis, and trafficking for many cancers (13) . The CCR9/CCL25 axis specifically regulates gut mucosal immunity. CCL25 is produced by small intestine and colon epithelia, which recruits circulating CCR9 + T and dendritic cells to the gut, increases AKT signaling, and prevents T lymphocyte apoptosis (14) (15) (16) (17) . Here, we demonstrate an unexpected role for GI epithelium-produced CCL25 to suppress CRC invasion and Mice injected with early-stage CCR9 + CCICs have more GI tumor incidence than those injected with CCR9 -CCICs ( A P < 0.001). Mice were i.p. injected with anti-CCL25 neutralization antibody before and concurrent with CCIC tail vein injection. Anti-CCL25 antibody reduces GI tumor incidence ( B P < 0.05). CCICs with CCR9 shRNA knockdown were tail vein-injected in mice. CCR9 shRNA lentiviral knockdown (KD) reduces GI tumor incidence and multiplicity and increases extra-GI multiplicity ( C P < 0.01). After 3 weeks to allow GI tumors to form from injected CCR9 + early-stage CCICs, mice were i.p. injected with 100 μg per mouse goat anti-mouse CCL25 neutralization antibody or goat control IgG every 3 days until they were moribund. The mice in anti-CCL25 groups formed extraintestinal metastatic tumors in abdominal tissues, pancreata, kidneys, and livers ( A P < 0.001, compared with goat control IgG treatment). After 3 weeks to allow GI tumors to form from injected CCR9 + early-stage CCICs carrying either doxycycline-regulatable anti-CCR9 or control shRNA, mice were given 1 mg/ml doxycycline in drinking water every other day until they were moribund to induce CCR9 knockdown in tumor cells. The mice with inducible CCR9 knockdown formed extraintestinal metastatic tumors in abdominal tissues, pancreata, kidneys, and livers ( B P < 0.001). Also see Supplemental Figures 2 and 3 .
metastasis. The great majority of colonocytes express both CCR9 and CCL25 (15) . Compared with that in normal human colon, CCR9 is upregulated in adenomas and early-stage CRC but downregulated in invasive and metastatic CRC (Figure 1 ). Early-stage CRCs have better prognosis and less metastatic potential than late-stage tumors. Both early-stage primary tumor cells and CCICs demonstrate CCL25-dependent upregulation of AKT signaling, chemotaxis, and proliferation ( Figure 4 ). In patients with CRC, AKT signaling (particularly in tumors carrying PIK3CA mutations) is associated with a good prognosis and is inversely correlated with later stages (35) . Conversely, NOTCH signaling is associated with CRC invasion and metastasis (refs. 11, 34, and Figure 6 ). Overall, our data are consistent with a model (Supplemental Figure 9 ) whereby preinvasive (adenoma and carcinoma in situ) CRC cells upregulate CCR9 levels. Paracrine CCL25 produced by surrounding colon epithelium stimulates proliferation and antiapoptosis signaling that contributes to increased tumor size and likely superficial tumor spread along mucosal margins. This is accomplished mechanistically through upregulating AKT signaling and a downstream network of oncogenic transcription factors that promote proliferation. As tumors progress, some cells upregulate NOTCH signaling. During this transition, upregulation of NOTCH signaling drives proliferation, taking over for CCL25/ CCR9 signaling. This causes an "invasive switch" that stimulates CCR9 proteasomal degradation, inhibits CCR9/CCL25 signaling, and promotes NOTCH-driven invasion and ultimately metastasis (34) . Consistent with this model, NOTCH signaling is higher in CCR9 -CCICs compared with that in CCR9 + CCICs. Consequently, late-stage invasive and metastatic CRC tumors do not express CCR9, as there is no proliferative advantage if CCL25 is absent from the microenvironment of metastatic sites. Overall, our data provide insights into the regulation of CRC tumor progression by the CCL25/CCR9 mechanism and the evolution of preinvasive to invasive and metastatic CRC cells. Our data also suggest that CCR9 may be a useful prognostic marker to distinguish indolent from invasive and metastatic CRC. Which NOTCH ligands are most important for stimulating CCR9 downregulation? Because there are multiple roles for NOTCH signaling in CRC, including roles in tumorigenesis, progression, chemoresistance, and angiogenesis, and because there are 5 canonical NOTCH ligands and additional noncanonical NOTCH ligands (e.g., DLKs) that influence signaling levels in addition to posttranslational modification of these ligands by glycosyltransferases (e.g., POFUT1) that affects their ability to bind to different NOTCH receptors (11, 32, (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) ), the answer is complex. The multiple roles of NOTCH signaling in normal colon homeostasis, different CRC mechanisms, and the large diversity of possible ligands make the association of individual ligands with NOTCH-driven CRC progression difficult both to study and interpret using in situ hybridization or immunohistochemistry. However, it is important to note that previous studies have shown that the NOTCH ligand DLL4 is upregulated in vascular endothelial cells located within CRCs but not in endothelium adjacent to normal mucosa (44) . Furthermore, in addition to expression of JAG1, JAG2, DLL1, and DLL4 ligands by normal colon epithelial cells, some CRC cells themselves express NOTCH ligands such as JAG1 or DLK1 and are able to stimulate paracrine signaling (48, 49) . Therefore, while the overall situation is complex because of the multiple roles of NOTCH signaling in CRC, it is most likely that DLL4, JAG1, and possibly DLK1, play the most important roles in CCR9 downregulation.
The chemokine receptor CXCR4 plays an important role in the homing and retention of hematopoietic stem cells within the bone marrow microenvironment (50) . Targeted disruption of CXCR4 signaling results in rapid mobilization of hematopoietic stem cells into the peripheral circulation (51) (52) (53) (54) (55) . The finding that downregulation of CCL25/CCR9 signaling can increase CRC migration out of the intestine/colon is therefore analogous to the situation with CXCL12/CXCR4 and hematopoietic stem cells (50) . Furthermore, because CXCL12 (also called SDF1A) is implicated in metastasis of multiple tumor types (with more than 700 citations in Medline on this topic), including CRC, we tested extra-GI CCIC tumors and found that they can express CXCR4 at high levels (Supplemental Figure 10 ). Overall, these findings are consistent with a potential CRC chemokine-driven "metastatic switch" during tumor progression. In future studies it will be important to evaluate this potential metastasis mechanism. Experimental approaches could include carefully designed experiments tracking colon cancer cell CCR9 and CXCR4 cell surface membrane protein levels in CCICs and other mouse models of stochastic colon cancer metastasis (56), for example by FACS, to see whether expression of these specific chemokine receptors is mutually exclusive and whether CXCR4 correlates with NOTCH signaling upregulation (11) . Alternatively, new techniques using dual wavelength luciferase reporter genes driven by the CCR9 or CXCR4 promoters, respectively, could be monitored in vivo in surgical models of colon cancer metastasis (57) . Another approach would be to use dual immunofluorescence for CCR9 and CXCR4 to screen tissue microarray biospecimens from both early-and late-stage CRCs to evaluate for mutual exclusivity of their expression in tumor progression. Overall, these experiments could create a strong rationale for repurposing existing CXCL12/CXCR4 antagonists that are used for hematopoietic stem cell mobilization for clinical trials to inhibit CRC metastasis.
The commonly used CRC cell lines we tested expressed little or no CCR9. When injected systemically in mice, some lines could form tumors extra-GI. However, to our knowledge, no spontaneous orthotopic colon/intestine tumor formation has ever been previously reported with any CRC cell line. Precisely why these commonly used cell lines do not express CCR9 is unknown. We speculate that this may reflect their long-term in vitro culture in the absence of CCL25.
Since our in vivo orthotopic CRC tumor formation system models the transition directly from GI-localized neoplasms to metastatic carcinomas, the CCIC lines described here have the potential to be a useful model to identify important "driver" mutations, epigenetic changes, and signaling pathways that regulate preinvasive to invasive and metastatic CRC progression, with less confounding by the high background "passenger" mutation rates seen in advanced CRC tumors.
Functional CCR9 which is responsive to CCL25 is expressed by multiple tumor types, including prostate, ovarian, breast, and pancreatic adenocarcinomas and melanomas (21) (22) (23) (24) 58) . The role of CCR9 in these types of cancer is unclear. One possibility is that a driving force is the upregulation of AKT signaling and cell proliferation. Because some chemokine receptors bind multiple ligands, we speculate that additional CCR9 ligands may exist that play a role in these tumor types. Alternatively, CCR9 could cause constitutive activity even in the absence of ligand in these tumors (perhaps from somatic activating mutations), or paracrine CCL25 could be produced by infiltrating lymphocytes. Future experiments in these other tumors will be required to understand the precise role of CCR9 in these contexts outside of the intestine and colon.
Methods
Histology and immunohistochemistry. Representative sections of specimens from patients with CRC were immunostained for CCR9 using a 1:150 dilution of anti-human CCR9 (Abcam, no. ab38564) with antigen retrieval and peroxidase-based detection. Cases varied in clinical stage from in situ carcinomas to transmural involvement. For each case, CCR9 staining intensity was assessed (range 0-3) for normal crypt epithelium and neoplastic tissue from each involved layer of the colon wall using double blank scoring method. Intensity ± SEM is shown (see Figure 1 , A-G).
Cell culture. AJCC clinical stage I/II (referred to here as early) and stage III/IV (late) CCIC lines were generated using the colon cancer stem cell culture conditions of Vermeulen et al. (59) , with several modifications as previously described by our laboratory (27) . Briefly, fresh primary and metastatic tumor biospecimens from patients with CRC were extensively washed with PBS, minced, and incubated at 37°C with collagenase. Cells were then strained through a 40-μm filter and cultured as "colonospheres" (59) . Colonospheres were cultured in ultra-low-attachment flasks in DMEM/F12 containing nonessential amino acids, penicillin (500 U/ml), streptomycin (500 mg/ml), amphotericin B (1.25 mg/ml), and heparin (4 μg/ml; all from Sigma-Aldrich). Modifications from the methods described in ref. 59 included increased concentrations of epidermal growth factor (40 ng/ml) and basic fibroblast growth factor (20 ng/ml) and the addition of B27 supplement (Invitrogen). Cells were incubated at 37°C and 5% CO2. Cells were cloned as single cells, expanded, and frozen in DMSO. With these conditions, clonal cultured colonospheres were considered to be CCICs based on the following criteria: (a) more than 50% FACS-positive status for CD44, CD133, and ALDH1 (tested individually) (26), (b) ability of cells (1:1,000-1:10,000) to form subcutaneous xenografts in NOG mice, (c) capable of serial self-renewal in subcutaneous xenografts assays, and (d) ability to form subcutaneous xenograft tumors with adenocarcinoma histomorphology. Additionally, CCICs were also noted to express LGR5, NOTCH1 and NOTCH2 receptors, JAG1, DLL4, and nuclear β-catenin (consistent with expression of WNT target genes such as CD44 and LGR5). CCR9/ALDH1 coexpressing cells were also observed (data not shown).
Primary CRC culture. Primary CRC culture used the method of collagenase/ dispase enzyme digestion with slight modification, as previously described (60, 61) . Fresh samples of CRC were collected in DMEM/F12 supplemented with 10% FBS and 2% penicillin/streptomycin, immediately after patients had operative resection. Tissue was dissected free of fat and blood clots and rinsed 5 times with PBS supplemented with 2% penicillin/streptomycin. Then, tissue was minced into approximately 1-mm fragments and digested in DMEM/F12 containing collagenase type XI (150 U/ml, Sigma-Aldrich), dispase neutral protease (40 μg/ml, Roche Applied Science), and 1% FBS, stirring at 37°C for 30 minutes. After centrifugation, cells were resuspended in the CCIC culture medium containing 5% FBS and 1% penicillin/streptomycin and cultured in the ultra-low-attachment flashes for a short time (1-2 passages); then the cell culture was shifted into complete CCIC medium without FBS. FACS with ESA was used to purify CRC, and cells within 5 passages were used for the following experiments.
CACATTCAGACAAGACCC-3′ and 5′-CCATTAGAGAGCTTTCCTCATT-GC-3′ or (b) 5′-CGTGTGTTTTTGGTTACTTCTCCCC-3′ and 5′-CTTAGC-CATTGCCCATTGATGGA-3′.
Quantitative real-time PCR. Total RNA from cells was extracted by using the RNeasy Kit (Qiagen). 2 μg of total RNA was reverse-transcribed into cDNA by using the RT First-Strand Kit (SA Biosciences), and RNA levels, normalized to GAPDH as the comparative Ct (comparative Ct = Ct [target] -Ct [control]), were analyzed by the iCycler (Bio-Rad). Primer pairs used are as follows: (a) GAPDH, 5′-ACAGTCAGCC-GCATCTTCTT-3′ and 5′-AATGAAGGGGTCATTGATGG-3′; (b) HES, 15′-ACGACACCGGATAAACCAAA-3′ and 5′-CGGAGGTGCTTCACT-GTCAT-3′; (c) CCR9, 5′-CACAGACTTCACAAGCCCTA-3 and 5′-GTA-CAAGGGTGGGAGGAAAT-3′.
Transwell migration assay. Transwell Boyden chambers (BD Pharmingen) of 8-μm-pore size were used to evaluate primary CRC cell and CCIC migration in vitro. Primary CRC cells or CCICs were seeded at a density of 5 × 10 5 per well into the upper chamber. CCIC culture medium, as described above, with 100 ng/ml recombinant mouse CCL25 protein (R&D Systems) or 5% FBS was loaded into the lower chamber. Chambers of cells were incubated in 37°C and 5% CO2 conditions for 8 to 12 hours. At the time of harvest, cells remaining inside the upper chambers were removed, while cells attached to the lower surface of the membrane were fixed and stained with hexamethylpararosaniline chloride (crystal violet) (Sigma-Aldrich) or immunofluorescence stained with anti-CCR9 or CEA antibodies, followed by imaging analyses.
SmartChip RT-PCR procedures and functional analysis. Early-stage CCICs were FACS sorted into CCR9 + and CCR9subpopulations. Twenty-four hours afterward, cells were treated with 100 ng/ml human CCL25 for 30 minutes. RNA was extracted from both populations using the Pure-Link RNA Mini Kit (Invitrogen) and analyzed using the SmartChip Real-Time PCR System (WaferGen Biosystems). Briefly, cDNA was prepared using 1 μg of total RNA per sample per manufacturer's recommendation. A PCR cocktail containing SYBR Green I Dye (Qiagen) and the equivalent of 1,000 ng of starting RNA for each sample was loaded onto the Smart-Chip Human Oncology V2 Panel (containing 1,296 unique real-time PCR reactions in quadruplicate for a total of 5,184 reactions per sample). The volume was 100 nl, with an equivalent of 96 pg of RNA loaded per reaction. Forty cycles of real-time PCR were performed on the SmartChip Cycler, collecting both raw Ct and Tm of each gene and samples for data analysis. We assessed the quality of our data for amplification, Tm curves, and Ct and Tm variability to remove any outlier data. We normalized to the mean of the quadruplicate PCRs, and delta-delta Ct calculations were used to determine fold change in expression. Genes either with a log2 fold change by a factor of greater than 1.8 (that correlates to ~3.3 fold or higher) or expressed in only 1 sample with a minimum raw Ct value of 24.99 were deemed significantly differentially expressed between CCR9and CCR9 + early-stage CCICs. The complex biological processes that differentiate between CCR9and CCR9 + CCICs were examined in the context of biomolecular networks. The interaction network shown in Figure 5 was generated with IPA, a web-delivered application used to discover, visualize, and explore relevant networks (http://www.ingenuity.com/). Gene symbol identifiers and log2 fold changes of differentially expressed genes were uploaded to IPA, each identifier was mapped to its corresponding gene object in the IPA Knowledge Base, and direct interactions were only queried between these gene objects. The direct interaction network of differentially expressed genes between CCR9and CCR9 + CCICs was manually integrated with signaling proteins known to be involved in the CCR9/CCL25 pathway.
Statistics. All experiments were done with 4 to 8 samples per group, unless otherwise indicated, and all results were derived from at least 5 indepen-CCR9-constitutive and -inducible knockdown and SNAIL or CD26 knockdown in CCICs and NOTCH reporter CCICs. The lentiviral vector pEco-CMV-H1-shRNA-GFP, encoding a shRNA sequence (CCR9, 5′-CTTGTACTG-GCTCGTGTTCAT; SNAIL, 5′-GAGCTGCAGGACTCTATCCA; CD26, 5′-CATTCCTACACAGCTTCATAT), was used for CCR9, SNAIL, or CD26 expression knockdown, and the lentiviral vectors pEco-CMV-H1-GFP (Gen-Target Inc.) and pEco-CMV-H1-scrambled-shRNA-GFP served as controls. To generate the lentiviral vectors, the above plasmids were transfected into HEK293T cells with the gene target lentivirus packaging mix (GenTarget Inc.) according to the manufacturer's protocol. For CCR9 tetracyclineinducible knockdown, the same shRNA sequence against the CCR9 gene was inserted into pLenti-H1-shRNA-RSV (GFP-Puro) vector (GenTarget Inc.) and packaged into lentivirus particles, as in previous procedure, which were used together with another TetR expression lentivirus (RFP-Bsd) (GenTarget Inc.) to infect CCICs. After antibiotic selection and GFP/RFP dual FACS purification, the CCR9 shRNA knockdown could be induced by 1 μg/ml (in vitro) or 1 mg/ml (in vivo) doxycycline. NOTCH signaling reporter CCICs were generated by infecting CCICs with pCignalLenti RBP-Jk Reporter (GFP) ready lentivirus (SA Biosciences Inc.). After infecting CCIC lines with these lentiviral vectors, stable knockdown clones were obtained through antibiotic selection of blasticidin (Invitrogen). The efficiency of the CCR9, SNAIL, or CD26 knockdown in CCICs was verified by Western blotting, and efficiency of NOTCH signaling reporter was tested by 2 μg/ml JAGGED 1 (62-64) (AnaSpec) treatment following by GFP-FACS sorting.
CCIC xenograft tumor formation in colon/intestine and other organs. 0.5 × 10 6 to 1 × 10 6 CCICs or common CRC cells were injected into 6-to 8-weekold NOD/SCID mice (The Jackson Laboratory) by tail vein injection. Tumor incidence was monitored 2 to 3 times weekly. When mice became moribund, they were sacrificed immediately, necropsy was performed, and tumors were harvested using a dissecting microscope. For ex vivo GFP imaging of tumor tissues, lentiviral infection by the pEco-CMV-GFP vector was used to generate CCIC lines that stably express GFP and were maintained in puromycin selection. 10 6 of these fluorescent CCICs were systemically injected as described above. Intestinal tissues harvested at the time of sacrifice were analyzed for GFP expression with Cri Maestro Imaging Systems (Cambridge Research & Instrumentation Inc.).
For the CCR9 study, native CCICs; CCICs with CCR9, SNAIL, or CD26 knockdown (or commonly used CRC cell lines, such as HCT116, etc., as indicated in the legend for Supplemental Figures 1 and 2) ; and CCR9 + CCICs with CCR9-inducible knockdown were intravenously injected into the 6-to 8-week-old NOD/SCID mice by tail vein. Mice that became moribund were sacrificed immediately, whereas the rest were closely monitored for 16 weeks before sacrifice. To test whether CCL25 antibody could inhibit the CCL25-CCR9 GI homing mechanism in vivo, a dose of 100 μg goat anti-mouse CCL25 neutralization antibody (R&D Systems, catalog no. AF-481-NA) was i.p. administrated to each mouse twice (the same dose and schedule as used in ref. 65) . As a negative control, a dose of 100 μg goat IgG (R&D Systems) was administered to each mouse in the control group. Then, 1 × 10 6 CCICs were injected into the mice 8 hours after or with the injection of the antibody. To test whether extra-GI metastasis is induced by CCR9/CCL25 signaling blockade, CCL25 neutralization antibody at the same dose was i.p. administrated to each mouse every 3 days or 1 mg/ml doxycycline in drinking water was given to mice every other day, starting from the fourth week after CCIC inoculation until mice became moribund.
Genomic DNA extraction and semiquantitative PCR. Genomic DNA from CCIC culture, lung and intestinal adenomas, normal tissues, or mouse tails was extracted using a tissue DNA Extraction Kit (Qiagen). Semiquantitative PCR was performed, followed by DNA gel electrophoresis. Human centromeric repeat loci were used as markers to detect human cells in harvested mouse tissues. Primer sequence pairs used are as follows: (a) 5′-GAGTG-
